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HEADQUARTERS
QUARTERMASTER RESEARCH 8 ENGINEERING COMMAND, US ARMY
OFFICE OF THE COMMANDING GENERAL

NATICK, MASSADHUSETTS

Major General Andrew T. McNamara
The Quartermaster General

Wzshington 25, D. C.
Dear General McNamara:

This report, "Composite Personnel Armor," presents results of an
exploratory study of the ballistic properties of materials. Significant
findings of this invesii.gation, using the, .22 caliber 17 grain fragment
si'mulating projectile, are &s follows:

A composiis structure of titanium and nylon cloth was found
to be superior to any knowmn single armor material.

A significant synergistic effect was noted when a material
with a high stopping power was combined with a material
possessing high energy absorption. A method of selecting
components for a synergistic composite that is better than
any single component was suggested by the use of ballistic
limits datz and ‘missile residual velocity data.

Unusual missile-retarding characteristics were obsarved
for titanium A-110AT and polymethyl methacrylate Bheet.
The energy absorption characteristics of glass previously
reported were verified.

Consideration of these findings indicates that proper exploitation
of these phenomena can achieve significant improvements in personnel
arwcr.

. Sincerely,

1 Incl - C. G. CALLOWAY ;
CP=5 Major General, USA
Commanding
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FOREWORD

During World War II, a major advance in personnel protection wvas
mede by the introduction of Doron (a polyester-glass fabric laminate)
and nylon cloth (as cloth or as a resin-bonded laminate). Since that
tims, no significant progress has been mads in providing the combat
soldier with armor which he can wvear and vhich affords greater protec-
tion against battlefield missiles than the armor nov available.

The work described herein is of an explorstory nature. Its pur-
pose vas to dsterzmine vhether or not combinations of materials can
provide more protection than single armor materiels. The favoradble
results from these exploratory tests enbance the prospects for devel-
opment of better armor vith materials nov available through the wse of
composite structures.

GEGRGE R. THOMAS, Ph.D.
Chief
Chemicals and Plastics Divisiom

Approved:

JAES C. BRADFORD, Colonel, QI

Commanding Officer
QM R and B Center lLaboratories

A. STUART BURTER, Ph.D.
Scientific Director
QM Research and Engineering Command
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ABSTRACT

\\

\ g

j'rhe concept that composite armor, consisting of two or more dissimi-
lar materials, is capable of producing substantially greater protection
than an equivalent weight per unit{ area of any one component wasstudied.
The results of explorstory experiments with the .22 caliber 17 grain T37
fragment simmlating projectile; demonstrating the synergistic effect
obtainable wvith composite armor, are given for three systems of two

components each.

Measures of the ability to "defeat” missiles (such as the Vo bdallis-
tic resistance limit) and to retard missiles are presented as des for
the sele.'‘on and positioning of components within a composite. Data on
residual welocity as a function of missile striking velocity obtained
wvith the .22 caliber 17 grain T37 fragment simulating projectile for 5
materials (nylon cloth, titanium A-110AT, aluminum 2020T3, glass and
polymethyl methacrylate) are presented. By the applicatiom of this con-
cept of composite armor, significant advances are anticipated in provia-
ing protection against battlefield missiles for personnel.
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COMPOSITE PERSONNEL ARMOR

INTRODUCTION

The selection of materials for lightweight armor has, in the past,
been based on the ability of the armor to "defeat” a test missile, i.e.,
prevent the missile from pessing through the armor and causing injury or
damsge to the target behind the armor. The "stopping ability” of the
armor is usually measured by one of three factors:

1. The number or percentages of impacts wherein complete
penetration of the armor occurred.

2. The maximum velocity of the test missile at vhich nov pene-
tration or a certain percentage of complete penetrations result (e.g.,
V50 for 50 per cent probability of penetration).

3. In terms of a weight ratio, comparing a material vith the
wveight of a "standard materia'” having the same stopping ability.

The selection of materials for armor usually hes involved the choice
of a single material rather ttan a combiratica »f materials. When two
me terials have been used; the reason has he=n to obtain advantages not
related to the prote:stive charucteristics, e.g., the use of a plastic
liner vith the M-1 steul belmst in order %*c have a separate piece of
lightweight headgear. When two armor materials are used together, the
rasultant. protective chars:teristics of the composite have been inter-
mediate betveen those of an equivalent weight/unit area of each material.

) ] 2 .
The expression Vso = \Vso (1) * Veo (2] has been used* to approximate
the V50 ballistic resistance limi* of a *vo-compcaent armor. The use of

this expressi lfm' combicati s of layers of nylon febric has been Justi-
fied by Rogers from an avalysis of V§0 tallisti> resistance limits data.

The first indicaticn 4ha* there were impcriant factors other than
"stopping ability” came in 194°. As “srtain arperiments were designed
to make Doron (a resic-bonded, glasan-farr:i: iasiiate developed by the
Quartermaster Corps during Worla War II) provide prctection against
emall arms fire by using s‘rucivres ir fraot of the Doron to mushroom,
yav, deflect or break up “‘e bulle~., giass shee’.. 4 readily cbtainable
and very bhard material; wvas l%-df%’m Wier. glass-faced Doron wvas
tested; it vas found by Webster that this combination of materials
vas more effective than Doron, glass, Haifield steel or a Hadfield
steei-Doron combination in defeating carbine and rifle bullets (i.e., &
significantly lower weight of the comprsite was than for either
of the single materials). Msllecker and Gailus;!3) then conducting work
on the developmsnt of Doron armor urdar Q€ contract, were led by

#By Watertovn (Mass.) Arsemal.

CONFIDENTIAL




- - - S - M e sEee B

CONFIDENTIAL

Webster's findings to study the misgile-energy absorbing characteristics
of glass. They fcund that test missiles penetrating a pane of window
glass backed by Plasticene (artists' modeling clay), all stopped at
approximately the same depth in thes clay regardless or the initial veloc-

ity of the missile. Missiles fired at 1200, 1600 and 1900 ft /sec. all
penetrated to a depth of about five centimeters. Prior experience had
shown that each centimeter of penetration beyond one centimeter indicated
20 ft /sec residual vel-city. They also noted deformation of the bard-
ened steel missile, a yawed dart hardened to Rockwell Ch2. Further ex-
perimentation with a 7/32dnch steel sphere, with clay penetration as the
criterion of residual velocity, showed that the velocity loss of the mis-
sile vas almost as large as the siriking velocity, and that it increased
directly proportional witu increasing striking velocity. Howewver, for
duraluminum (typical of many armor materials,including steel and Doroo),
the velocity loss of the missile increased only slightly with increasing
striking velocity and tended to approach a constant wvalue.

During 1947-1950, the Midwes* Research Institute, under comtract to
the Ordnance Corps, studied the numerous factors involved in the general
problem of designing dody a.rmr t0o provide maximm resistance to penetra-
tion of munition fragments..45) The performance of armor materials was
defined by the projectile residusl velocity vs. striking wvelocity relation-
ship. This relationship could be used to predict the performance of com-
posite armor. For example, it was prediczteld tha't a hypothetical 2024-T3
aluminum-nylon c¢loth 2mposite would be superior to either component in
stopping fragments. It vas raported that >cmposites of these tvo mater-
ials, particularly at higher velocities. were £2und 4o be less effective
than predicted in reducing the velocity of penetrating missiles.

Another Ordnance contrsctor, Battelle Memorial Institute, found
that, as increasirg amcunts of aluminum or s*ainiess steel cloth were
substituted for nyion cloth, ’,g;-agreui'nly lowar ballistic values for
the composite were obtained,.\®)

The Aberdeen Proving Grounéd has determinald tia residual velocities
of projectiles a’ter peretraticn through armacr ard has used such date
in evaluating {'. ef.f?eti‘mneu nf armor mataviale in terms of estimates
of casuaity rat..us. 7

In 1953, Weizberger and Deizelliar'O) reported that tbe ballistic
resistance of fabric armcr could be increasesd ty a combination of fabrics
which took maximm advantage of each fabriz’s behavicr at different veloc-

ity levels. A prec%tical applicaiion of tiis finding was the use of both
nylor Fortisan fa*ri~s in t#he Canadian armor vest. Also, inm 1953,
Weiner'9 reported that an improvement in tallistic resistance limit was
obtained by selecting, for the front layers of a fabric armor structure,
a fabric highly resistant to shear and, for the rear layers, a fadric of
high resistance to yarn slippege.
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In 1955, considerstion of (a) the energy absorption characteristics
of glass as reported by Mellecker and Gailus, (b) the greater effective-
ness of glass-faced Doron armor compered to single armor materials and
(¢c) the greater effectiveness of fabric composites commared to a single
fabric, led to the concept being presented by this report: that compos-
ite armor through proper selection and combination of components would
provide significently greater protection than any single armor material.
Selection and combination of components are based on consideration of
both the stopping pover (for exsmple, as expressed by a Vg ballistic
limit) and the adbility of the material to reduce the kinetic energy of
the missile as it passes through it. The front component(s) is selected
from high energy absorbing materials to reduce the initial high velocity
of the missile, vhile the rear component(s) is selected from high stop-
ping pover materials to defeat the missile. In such a combination, each
mterial wvould be brought into operation at the velocity range vhere it
vas most effective.

To test this conrept, the exploratory investigation described here
vas conducted in 1956 with the following objectives:

a. To verify the remarksble wg absorption characteristics
of glass claimed by Mellecker and Gailus (using yawed dart and steel
sphere missiles and vith clay penetration as an index of residual velo-
city). This investigation used a .22 calibei T37 fragment simmlating
projectile and made direct msasurement of the missile's residual wvelocity.

b. To destermine vhether a fev arbitrarily selected cambina-
tions of materials exhidbited any synergisiic effects in providing pro-
tection against missiles.

¢. To determine the energy absorption characteristics of a

few armor materials using as an index 4he velocity loss of the missile
in passing through the material.

CONFIDENTIAL
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EXPRRIMENTAL METHODS

Tvo measures of a material's effectiveness in providing protection
against missiles were determined.

The first measure is the conventional Vgo balligtic (protectiom)
limit which measures stopping pover. The velocity of attacking missiles
is determined at vhich the probability exists that fifty per cent of the
missiles pass through the target and through a witness plate of 202h-Th
aluminum placed six inches bdehind the target. The procedure and equip-
ment for making the V50 limit determination is 1dcnt}cal ¢3 that used for
the testing of lightweight armor materials or items.!10,1l) The custom-
ary lumiline screen-chronograph-counter system vas utilized to msasure
uissile velocity. The missile ?lig. in all cases wvas the 17 grmin .22
caliber T37 fragment simulator.(12

The second msasure of a material's effectiveness in providing pro-
tection against missiles is the velocity of the missile after it has
passed through ths armor material. This residual velocity vas determined
by using a second set of screens (comnected vwith another set of counter
chronographs) behind the target. The diagram (Figure 1) shows this
equipment arrangement. Whenever the targst material shattered and
spattered particles back toward the raar screens, a material of lovw re-
sistance to entrsp or 'filter out” these particles was used in order to
eliminate the possidbility of particles triggering the screens. Correc-
tion for the velocity loss incurred by tbhe projectiles in passing through
the "filter” was made from wvelocity loss curves previously determined.
The correction never exceedad 140 feet per seconi and was usually less
than 100 feet per seconu.

At velocities substantially belov 1000 feet per second, paper
screens printed with a silver grild wvere used instead of the lumiline
screens. Also, a gun actuated by compressed helium was wsed. This gm
and equipment wves designed and duilt by personnel of the Biophysics
Division, Directorate of Med!=al Resear:h, Army Chemical Center, Md.(13)

Three armcr compositas of two componsats each and five materials vere
tested. The V50 bdallistic limit of a wiadow glass-nylom cloth composite
vas determined in order to ascertain Juiskly whether or not the previouwsly
reported energy absorption properties of glass vould be apparent vhen
tested vith the .22 calider fragasnt simia®sr. A Vgo limit mmach r
than would be expected from the equation Vg ccmposite = 1) + (2)
wvould indicate that the glass component hal sbsorbed a liﬂ‘i&t cm‘
of energy from the attacking missile. If a high V50 limit vas obtainmed,
verification of the energy sabsorption sffect would be made by msaswuremesnt
of the residual velocity of missiles passing through glass. The V50 bal-
listic limits of $wo other composites, a titanium alloy A-110AT backed
vith nylon cloth and a polymsthyl methacrylate sheet backed ¥with polyvinyl
butyral were also dstermined in an attempt ¢o demonstrate that materials
other thau glass also exhibited a synergistic effect vhen properly combimed.

k
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Figure 1 - Arrangement of velocity-measuring equipment

The total weight of the composite was sslected to be apr )ximately
LO ounces per square foot (areal density of M-l helmet plus liier). The

ratio of the two components was determined by the availability of the
rigid components.
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RESULTS

ng Ballistic Resistance Limits

The V50 ballistic limits of a composite of window glass backed with
nylon fabric(11) and the V50 limits of the two components are shown in
Table I and are compared at the composite areal density (41.7 o3/sq ft)
with equivalent nylon fabric and glass. The comparison with glass is
made on the basis of an estimated V50 limit for 41.7 oz/sq ft glass
calcuiated by interpolation of missile velocity loss data for 23.0 and
49.2 oz/3q ft glass and from the Vso limit for 23.0 oz/sq ft glass.

TABLE I. Vso Ballistic Resistance Limits of Composite of Window Glass
Backed With Nylon Fabric and of the 2 Components

Areal Density V5o Limit
Material (oz/sq £t) (Protection
Window glass, 3/32 inch
thick 23.0 392(a)
Nylon cloth, 14 oz/sq yd (b)
12 plies, HIL-C-12369 18.7 1280\ P
Window glass gnd nylon
cloth composite
Observed ( L1.7 1750
Calculated(®) 1339

(Difference between observed
and calculated values 411)

Equivalent weight of (b)
nylon cloth 41,7 1770

Equivalent weight of ()
glass L1.7 760

Ta)See Reference (14); (b) See Reference (15); (c) The V¢4 of
two components is equal to the square root of the sum of the
squares of the Vsy's of each component; (d) Estimated.

It is apparent that glass in combination with nylon armor cloth, is
as effective in stopping the .22 caliber fragment simulator as an squiva-
lent weight of nylon armor cloth. In effect, glass, usually not considered
as an amor material, becomes the equivalent of nylon armor cloth when
combined with that cloth. Also, as shown in the table, the V50 limit ex-
perimentally determined for the glass-nylon cloth combination ie 31 percent
greater (411 ft/sec) than the calculated limit. Therefore, glass must be
considered as posse¢ssing unusual energy absorption characteristics.

6
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The second two-component system tested in an attempt to demonstrate
the synergistic effect of composite armor consisted of a titanium alloy
and nylon fabric assembly. The titanium alloy, A-110AT; containing
alunirium and tin, was selected when it was observed that this material
deformed impacting missiles. Deformaivion of missiles had alsc been ob-
served in the case of glass. It should be noted that the missiles are
hardened steel (Rockwell C30). A 0,063-inch thick sheet of A-110AT
titanium alloy, in the hot rolled annealed condition, was placed in
front of eight plies of nylon armor fabric. The test results for this
combination are shown in Table II and are compared to an equivalent
weight (36.9 oz/sq ft) of nylon armor fabric and of the titanium alloy.
The V5o limit for 36.9 oz/sq ft of titanium A—llOA{ w3a estimated from
energy absorption data for 24.0 oz/sq ft material, 14

TABLE II. Ven Ballistic Resistance Limits of Composite of Titanium
Azgoy A-110AT Backed with 8 Plies of Nylon Cloth and of

the 2 Components

Areal Density V50 Limit
Material (oz/sq ft) (Protection)
Titanium alloy, A-110AT,
0.063 inch thick 2.5 1200

Nylon cloth, 14 oz/sq ft (a)
8 plies, MIL-C-12369 12.4 1121'\8

Titanium alloy and nylon
cloth composite

Observed 36,9 1831
Calculated(b) 1642

(Difference between observed
and calculated values 189)

Equivalent weight of nylon
cloth 36.9 1675(0)

Equivalent weight of ()
A-110AT 36.9 17504

(a)See Reference (16); (b) The V5o of two components is equal
to thesquare root of the sum of the squares of the Vgg's of
each component; (c) See Reference (15); (d) Estimated-See

Reference (14).

It is noted that the combination of titanium and nylon ammor cloth
has superior protective characteristics compared to an equivalent weight
of either component and also, for the first time, the ballistic resistance
1limit of nylon amor cloth has been exceeded. As shown in Table II, the
Voo limit of this combination was determined to be 156 ft/sec greater
tgan that of an equal weight of nylon ammor cloth and is 189 ft/sec
greater than the calculated V5o limit for this combination. A synergis-
tic effect is also considered to be operative in this case.

1
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A third example of the syrergistic effects of combinations of armor
materials vas found in the transparent armor structures developed for mine
clearance armor. These consist of three components laminated together:

a. A polymeihyl methacrylate sheet;, 3/8 inch in thicknese.

b. An interlayer consisting of five layers,0.015 inch per
layer, of safety glass grade polyvinyl butyral.

¢. A backing film of 0.003 inch thick nylon (to retain shattered
fragments of polymethyl methacrylate whizh may act as secondary missiles).

For the effects discussed; the influence of the backing film is neg-
1igible because of its thinness and its low density and can be disregarded.
Table III shows ibe V5o limits of the two major camponents and of the

composite.

Table III. Vs Ballistic Resistance Limits of Polymethyl Methacrylate
and 5 qurl of Polyvinyl Butyral and its 2 Components

Areal Density V50 Limit

Material (oz/sq ft) (Protection)
Polymethyl metbhacrylate sheet; 5.7 920
3/8 inch thick
Polyvinyl butyral, five layers, €.8 k10
each 0.015 inch thick
Transparent armor structurs

Observed k2.5 1550

Calculated® 10h2
(Difference between cbserved

and calculated values 508)

Equivalent weight of polymethyl
methacrylate shset ¥2.58 1025

Equivalent weight of pclyvinyl

but sheet 2.5 870
a&asooftvo components 1s equal UC the square Toot of the sum
of the squares of the Vg,'s of each component.

This cosbinatiom of two plastic materials, polymethyl methacrylate
and polyvimyl butyral, quite differemnt in physical maske-up from the glass-
nyloo fabric and the titanium-nylon fabric combinations, also exhibits
unusual energy absorptiom charscteristics. The difference between ob-
served and calculated V5. limits for the transparent armor structure is
approximately 500 ft/lec. The differences bstween the V5o limit for

8
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the composite structure and an equivalent weight of either the polymethyl
methacrylate sheat or polyvinyl butyral sheet is also large, approximately
500 and 700 ft/sec., respectively. It is interesting to note, however,
that no deformation of the missile occurs with this combination of plas-
tics.

Residual VelociEl Results

The energy absorption characteristics of several materials, including
glass, metals, fsbrics and plastics, were determined. Figures 2 through
6 show the results plotted as missile residual velocity against missile
striking velocity. The relationships shown were calculated by the method
of least squares.

Windov glass, 3/32 and 7/32-inch thick, was tested in the range of
striking velocities from 700 to 2500 ft./sec. The significant fact, as
shown by Figure 2, is that the difference between the striking wvelocity
and the recidual velocity (that is, the loss in velocity of the missile)
increases as the vglocity increases, thereby confirming the comclusion of
esrlier vorkers.(3) For materials suck as alumimm, steel, and.nylon armar
cloth, it has been fownd(3,14) that this missile velocity loss diminishes
slowly vith increazing velocity and approaches a limiting value. The
difference between striking velocity and residual velocity is represented
by the vertical distance betvsen the curve and the 45° line (residual
velocity = striking velo:itw, of Figure 2. The effectiveness of a mater-
1al in reducing the snergy of the impecting missile is indicated by the
distance of the curve below the 45° line and by its slope. The lower
the curve and the closer it approaches the hcrizontal, the more effective
is “the zrmor material that 4he curre represan’s. The slope of the curve
indicates how rapidly the difference changes with velccity. For conven-
tiomal materials, the slope appraachss unity. For 3/32-inch glass, the
slope 18 0.79. For T/32-inck giass, the siope is 0.65, appreciadbly lese
than that of the thinmer glass. Consequantly. it appears that the effect-
iveniess of glass As an erergy abscrber increases with increasing thickness.

The residual velocliiy-striking velucity re.ationships of missiles
yeuetrating A-110AT titarium alloy are shown ir Figure 3. The linme
sho 1s.displaced a consicderahls distance f-om the 45° reference line
at the lower striking wvelocities but ir ~licisasr at the higher wvelocities.
The extent of the displacement from the 45 raference line indicates s
high capacity for ensrgy sbsorption; *he s.cope (1.22) indicates that
this capacity decreases witl incrsasing velocity. The latter indication
1s questionable because of the high degree of =caiter in the data and
dngufficient number of points at ¢he higler velo.ities.

Figure 4 shows the residual velocity-striking velocity relatiomship
for missiles penetrating nylon cloth. This curve rapidly approaches the
150 reference line asymptoticuily, and is considered to be typical of
materials that are poor energy abscrbers wvhen impacted by missiles
€travelling at velocities much abuve the ballistic limit.

9
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The data for 1/8-inch thick 2024-T3 aluminum (formerly designated
24S-T300) are shown in Figure 5, as a straight line approximately
parallel (slope 1,02) to the 459 line. A straight line with a slope of
unity is considered to be typical of metals.

The residual velocity-striking velocity data obtained with 3/8-inch
polymethyl meth:_crylate sheet (35.7 oz/sq ft) are shown in Figure 6.
The straight line for polymethyl methacrylate sheet is displaceda con-
siderable distance from the 45° reference line. The slopsof the line
is 1.03.

Comparison of Figures 2 through 6 shows that the velocity loss of
the .22 caliber T37 fragment simulator in passing through ammor is de-
pendeni upon the material and upon the areal density of the ammor,
Materials of different types appear to differ greatly in reducing the
velocity of this particular missile. A comparison of the data for two
thicknesses of glass shows that the velocity loss/arealdensity ratio is
greater for the thicker glass throughout the range of striking velocities.
For both thicknesses, the velocity loss/areal density ratio is greater at
the higher than at the lower velocities. Table IV shows this ratio at
two striking velocities. Table IV also shows that the velocity lors/
weight ratio is less at the higher velocity for titanium A-110AT and nylon
cloth, but iz conetant for the aluminum alloy and for polymethyl metha-
crylate. Titanium A-110AT has a much higher velocity loss/weight ratio
at both the velocities shown than any of the materials. However, at
lower velocities than shown here, nylon cloth is expected to have a ratio
approaching that of titanium A-110AT,

TABLE IV. Ratio of Velocity Loss (ft/esec) to Areal Density (oz/sq ft)

Weight Missile Striking Velocity

teri (oz/sq ft) 1500 ft/sec 2000 ft/sec
Glass, 3/32" 23 | 17.0 21.7
Glass, 7/32" 4L9.2 f 20.5 24.2
Titanium A~110AT 24,5 | 43.9 40.0
Nylon Cloth 18.7 28.1 21.7
Alumdnum 2024-T3 29.5 17.6 17.6
Polymethyl methacrylate 35.7 2h.1 23.8
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DISCUSSION

The results of the three composite sysiems presented show that the
Vso ballistic limits of armor can be increesed beyond that vhich can be
expected of single materials. In one case, it vas demonstrated that ome
component, glass (usually regarded as a poor armor material), when com-
bined vith an excellent armor material (mylon fabric), becomss eqiivalent
in performance to the excellent material. Polymethyl msthacrylate and
polyvinyl butyral, both inferaor in missile-stopping ability, when com-
bined, produce good transparent armor. When two good armor materials,
titanium and nylon cloth, are combined, the resulting composite is
superior in protective characteristics to any known armor material (based
on a calculated V5o ballistic resistance limit for titanium A-110AT).

Of the three composites tested, only one, the polymsthyl methacrylate/
polyvinyl butyral composite, had a Vcq ballistic resistance limit sub-
stantially greater (fifty per cemt) the V50 limit of either campoment
on an equal areal density busis. The surprising effe:tiveness of this
cc,pocito camnot be completely explained in terms of its components. Al-
though the polymsthyl msthacrylate is effective in retarding missiles, the
rear component, polyvinyl butyral, has a very low V5o ballistic limit for
its aresl density. Thus, although this example does demonstrate that
composites are better than single materials, it is an exception to the
supposition that the rear camponent of such composites must be a material
of high stopping power. Also, apparently, missile deformation is not re-
quired for composites tc be more effective than their components.

The other two composites have V50 ballistic resistance limits not
much different from that of the better component but substantially
greater than the other component. The glass-nylon composite has a Vso
limit double that of glass but very slightliy less than that of nylon
cloth on an equal areal density basis. Comparison of the residual
velocity-striking velocity curves (Figures 2 and ) for 3/32-imch glass
and nylon cloth shows that the difference between the tvo materials at
the Vg limit of the somposite (approximately 1800 feet/secomd) is very
l-.lls?hll than 50 feet/second), with nylcn cloth baving the higher
value. Therefore, it would not be reasonsble in this case to expect the
composite to be distinctly superior t¢o ths better component. This com-
posite demonstrates, however, that a material with low stopping power,
but effective as a retarding material, can be substituted for a portion
of an armor material vith a high V5o limit to form a composite providing
equivalent protectionm.

The titanium A-110AT amd nylom cioth camposite has a Vgg limit
somevhat greater than either nylom cloth (by 156 feet/sec or the
titzaium alloy (by an estimated 81 fset/second) on an equal areal dsnsity
basis. Comparison of the residual velocity-striking curves for the
tvo materials shows that, for the velocity range explored, the titanivm
alloy is more effective in reducing the missile velocity than is nylon

12
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fabric. Howerer, an extrapolation of the curves to lower velocities
indicates that the difference betwveen the two diminishes rapidly and
eventually nylon is superior. Comsidering the composite to be formed
by substituting titanium for the fromt portican of armor consisting of
nylon <loth, it is reasonable to expect the composite to be distinctly
superior to the nylon cloth (the test results confirm this). When the
composite is considered to be formed by substituting nyloan cloth for
the .ear portion of the titanium, it is reasonsble to expect the com-
posite to be equivalent or slightly superior to the titanium alloy:
again, the results confirm this expectation.

Missile deformation is apparently not required for synergisx to
occur, although it may play a role in some composite systems. Missile
deformation did not occur in the case of the composite with the largest

synergistic effect, namely polymethyl methacrylate-polyvinyl butyral.

Since the components, their combinations,; and the relative areal
densities of the components and total composite areal density verve
arbitrarily chosen or determined by the availability of the materials,
it is reasonable to expect that more effective combinations cam bde
designed within the practical areal density range for persomnel armor
(10 to 40 oz fsq ft ).

Since a V50 limit of approximately 1800 ft /sec has already beea
attained by a composite whose areal dsnsity is equal to that of the M-l

helmet and liner (3.9 oz /sq ft.), & V5o limit of at least 2000 ft./

sec. (for the .22 caliber T37 fragment s tor) for a properly de-
signed composite helmet does not seem unrsasonsble. Such a future
helmet vill be capable of protecting agr .nst missiles vithk four times
the kinetic energy cf missiles than can be defeated by the present
standard helmet. Although V5o limits are not readily translatable in
terms of reduction in battlefield casualties; it appears reasonable to
consider such an increase in Vgo limit shovld be highly ixportant.

Likevise, for body armor, a: an areal density of 20 oz /sq ft ,
it appears feasible to increase the V¢, 1limit of the armor vest from
the present 1250 ft /sec 1o 1500 £t /sec.

Protection for the infantry soldier agains spall arms fire,
although not imminent at this time will become praciticei if another
Tfifty per cent decrease in veight can he attained. The first fifty
per cent decrease in weight was made possible in 1945(2) by the use
of a glass-Doron composite as compared tc a singles material. At
present. as indicated by exploratory experimente at this Center,
protection against the .30 caliber ball ammmiticn at a 400 to 500
yard range can be obtained by a 7 1b /sq ft composite armor. This
armcT appears practical for certain applications where the armor is
not worn by the soldier, such as for armoring specific areas of Army
aircraft, e.g., 3eata for the protection of personnel. Composites

13
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mY be even more e¢ffective at mich higher areal densities to provide
protection against heavier and higher velocity missiles; the results
obtained for glass indicate its increasing effectiveness at higher
velocities and its greater velocity loss/areal density ratio at higher

areal densities. 8Such armor may be practical for stationary structures
or for powered vehicles.
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CONCLUSIONS

The belief that the efficiency of a material for personnel armor
is expressed by a V50 ballistic resistance limit or other measure of
its missile stopping pover is only partially correct. The stopping
power of the complete armor may indeed be the criterion for armor
considered as a vhole¥*; but, for component materials of composite
armor, both the Vg ballistic resistance limit (stopping power) and
the missile 'nlocgty loss (retardation effect) need-be considered in
any evaluation or selection. Although materials such as glass have
very lov stopping power, they are capable, nevertheless, of reducing
significantly the energy of the penetrating missile. High energy
absorbers, as a class of materials distinct from meterials of high
stopping power, have been almost completely overlooked in the search
for personnel armor mmterialis. Materials of high stopping power, such
as nylon cloth, tested above their ballistic resistance limit, offer
less resistance, i.e., slov dowvn the missile less than the high energy
absorption type of materiai. It is conceded that materials may exist
vhich bave a high ballistic resistance limit as well as good missile-
retarding characteristics.

Properly selected combinations of high energy absorbing materials
vith high stopping power materials are mcre effective than either com-
ponent of equivalent areal density. Practical guides to the selection
of components are the Voo ballistic resistance limit (or equivalent)
and the relationship missile striking velocity and residual

velocity. Arrangement of two components into a composite is determined

by placing the more effective missile retarding component in fromt of
the moxre effective missile stopping component.

*Neglecting any decrease in the severity of wounds as a result of
armor reducing the velocity of missiles.

15
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SUMMARY

The energy ablorptios; characteristics of glass previously reported
by Mellecker and Gailus 3) have been verified for the .22 caliber 17
grain T37 tect fragment simulator. Umusual missile-retarding charecter-
istics wvere also observed for titanium A-110AT and for polymethyl
methacrylate sheet.

A significant synergistic effect was noted vhen a material with
high stopping power was combined with a material of high energy absorp-
tion. Three composite structures--a glass-nylon cloth, a titanium-nylon
cloth and a polymethyl methacrylate-polyvinyl butyral laminate--were
found to be equivalent or superior in protective charscteristics to an
equivalent weight per unit area of any component.

A composite structure of titanium and nylon cloth wvas found to de
superior in protective characteristics to any known armor material (for
the .22 caliber 17 grain T3| fragmert simulator in the areal density
range tested).

A method of selecting components for a synergistic composite that
is superinr in protective characteristics to any single component was
suggested by the use of ballistic 1lirits date and missile residual
velocity data.

16
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FUTURE WORK

The exploratory investigation jJjust described has demonstrated that
materials do differ in their ability to slow down missiles passing
through them as well as in the ability to stop missiles. Composites of
dissimilar components properly selected and positioned have a higher
ballistic resistance limit (V50) than a componeat of areal density equal
to that of the caomposite.

Since composites appear to offer the possibility of significantly
increasing the protection afforded combat personnel sgainst battlefield
nissiles, the QM R&E Center Laboratories are conducting an extensive
investigation of materials to determine ballistic resistance limits and
energy absorption data (missile striking velocity vs residual velocity).
These data should be useful in the selection and proper pc:itioning of
coamponents. The materials selected for study will includes those mater-
ials not usually considered suitable for armor since (a) good energy
absorbing materials apparently need not by themselves be good absorbers
and (b) the immediate purpose of the investigation is to obtain funda-
mental information concerning materials that may lead to significantly
superior armor rather than to a trial and error design of a practical
armor system. Specific classes of materials selected are metals, tex-
tiles, plastics, glasses and ceramics. In order to determine clearly
the relationship between the missile stopping and retarding character-
istics of component materials and their composites, the composites will
be evaluated concurrently with single materials.

The QM RAE Center program will consider factors such es material
veight (areal density), size and type of missile, and missile striking
velocity. The areal density will be in the range considered suitable
for personnel armor, viz. 10 to 40 ox /sq ft Testing will be conducted
vith the following missiles: .22, .15 and .10 caliber fragmer’: simlat-
ing projectiles, flechettes and other missiles of unusual size or form.
Data will be obtained over the range of missile striking velocities from
Just above the ballistic resistance limit of the material to approxi-
mately 4OOO £t./sec.

17
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